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Abstract
Graphene oxide (GO) membrane has gained increasing attention because of its extraordinary physical and chemical 
properties and high proton conductivity. GO is rich in oxygenated functional groups, which can support proton transpor-
tation. However, pristine GO is unstable at high temperatures due to the removal of oxygen functional groups, resulting 
in a decrease in the interlayer distance of stacked GO nanosheets. Hence, we propose a modification of GO membranes 
via the intercalation of cations to enhance the proton conductivity. Modified self-standing GO membranes with  Al3+ and 
 La3+ were fabricated by a vacuum filtration method. They exhibited a larger distance of the interlayer that serves as pro-
ton hopping pathways. Furthermore, the modified GO membrane showed a higher proton conductivity than a pristine 
GO membrane even at 80 °C, as confirmed by Electrochemical Impedance Spectroscopy. The results demonstrate that 
intercalating cations in between GO nanosheets is effective in improving the practical feasibility of proton conducting 
GO membranes.
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1 Introduction

Graphene oxide (GO) is a 2D material characterized with 
the honeycomb molecular structure. GO has gained 
increasing attention because of its remarkable physi-
cal, chemical and electronic properties [1]. GO contains 
various oxygenated functional groups such as hydroxyl, 
epoxy, carbonyl, and carboxyl groups. It has found poten-
tial applications in super-capacitors [2–4], catalysts [5–7], 
and proton conducting membranes in fuel cell or water 
electrolysis [8–11]. It was recently demonstrated that GO 

shows good proton conductivities that are comparable to 
that of Nafion. Epoxide groups on GO surface is considered 
to mainly serve as proton hopping sites [8, 12, 13].

However, GO has a tendency to lose surface func-
tionalities even at slightly elevated temperatures. As 
the oxygenated functionalities detach from the carbon 
backbone, the interlayer distance in between stacked GO 
nanosheets decreases, leading to a decrease in proton 
conduction. Thus, maintaining the proton conductiv-
ity of GO at high temperatures is quite a challenge. In 
order to address this concern, GO membranes could be 
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modified through the introduction of cations. Several 
cations, such as  Na+,  Mg2+,  Ca2+ and  Al3+ have already 
been successfully applied in modifying GO in order to 
enhance the membrane stability in aqueous solution for 
desalination and separation applications [14–17]. These 
cations would form ionic interaction with the negatively 
charged GO nanosheets. Amirov et al. [18, 19] reported 
that carboxyl groups in GO behave as ligands, which 
bind to metal cations via chemical bonding.

This study focused on the intercalation of the lantha-
num cation  (La3+) in between stacked GO nanosheets. 
 La3+-based materials have been considered as an attrac-
tive material for electrochemical-based systems [20–22]. 
We studied the effect of  La3+ and  Al3+ intercalation on 
the proton conductivity of GO membranes by an EIS 
technique and examined the correlation between proton 
conductivity and physicochemical properties.

2  Experimental section

2.1  Synthesis of GO and membrane fabrication

GO was prepared from synthetic graphite powder (Wako 
Pure Chemical Industries, Osaka, Japan) following the 
modified Hummers’ method. The detailed procedure has 
already been reported elsewhere [23, 24]. Briefly, graph-
ite was first oxidized into graphite oxide with sulfuric 
acid and potassium permanganate. The oxidized graph-
ite was cooled and recovered from liquid by centrifuga-
tion at 4000 rpm for 30 min. The precipitates were then 
washed with a HCl aqueous solution (5%) by centrifuga-
tion at 4000 rpm for 30 min three times to remove  K+ and 
 Mn+. The solid products were washed with distilled water 
by centrifugation at 4000 rpm for 30 min three times. 
Graphite oxide was ultrasonicated for 5 h to obtain GO 
nanosheets, which were redispersed in distilled water 
to make a GO dispersion. Subsequently, 0.01 mmol of 
aluminum nitrate [Al(NO3)3, > 98.0%, Chameleon reagent 
under Kishida Kagaku, Japan) and lanthanum nitrate 
[La(NO3)3, Wako Pure Chemical Industries, Osaka, Japan] 
were separately added into the GO dispersion. The mixed 
solution of GO and cation was poured onto membrane 
filters (180  µm and 0.4  µm membrane filter stacked 
together). Then, the system was subjected to vacuum fil-
tration at room temperature and atmospheric pressure. 
A self-standing membrane formed was separated from 
the supporting membrane filters. The final concentra-
tion of the intercalated cations was estimated through 
the mass differences between pristine GO and modified 
GO membranes. The thickness of the membranes was 
180 μm.

2.2  Materials characterization

The structure and interlayer spacing in between GO 
nanosheets of the fabricated GO membrane were 
characterized by X-ray diffraction (XRD; MiniFlex600, 
Rigaku) with Cu Kα radiation (λ = 0.154 nm, U = 40 kV 
and I = 15 mA) in the 2θ range of 5°–45°. The morphol-
ogy of GO nanosheets was observed by scanning elec-
tron microscopy (SEM; JSM7600F, JEOL) and atomic 
force microscopy (AFM). The size distribution of the 
GO nanosheets was examined with a DLS spectropho-
tometer (Zetasizer Nano ZS, Malvern Instruments). The 
presence of oxygen functional groups was analyzed 
using a Fourier transform infrared (FT-IR) spectrometer 
(FTIR 4100, JASCO) through the KBr pellet technique 
and X-ray photoemission spectroscopy (XPS; PHI 1600, 
PerkinElmer). Thermal stability of samples were exam-
ined by thermogravimetric-differential thermal analysis 
(TG–DTA; SII Exstar 6000, SEIKO) at 25 to 300 °C with the 
heating rate of 10 °C/min under a constant nitrogen flow 
(20 mL/min). The BET surface area was measured with a 
surface area analyzer (BELSORP-mini II, Microtrack Bell) 
under nitrogen atmosphere at 77 K. For the pretreat-
ment, samples were heated under  N2 at 60 °C for 24 h.

2.3  Proton and electrical conductivity 
measurement

The proton conductivities of GO and modified GO mem-
branes were measured by AC impedance spectroscopy 
using an impedance analyzer (1260, Solartron) over the 
frequency range of 1 Hz to 1 MHz with the test signal 
voltage of 100 mV. Platinum (Pt) was deposited onto the 
membrane surface as the electrodes using a sputtering 
technique. The membrane was placed in an incubator, 
and its impedance was measured at 25 to 80 °C. The elec-
trical conductivity of the membrane was also measured 
by a two-probe DC method using a multimeter (33410A, 
Agilent).

The proton and electrical conductivities were calcu-
lated following Eq. 1,

where σ (S  cm−1) is the conductivity of the membranes, 
l (cm) is the membrane thickness, and A (cm) and Rs (Ω) 
represent the cross section area and the resistances of the 
membranes measured by AC impedance spectroscopy as 
well as by a two probe DC method, respectively. A Nyquist 
plot was obtained using impedance values fitted based 
on the proposed equivalent circuit as depicted in Fig. 1, 

(1)� =

l

A ⋅ Rs
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where Rs is the bulk resistance and CPE is the constant 
phase element employed to replace the capacitance (C) 
element to get the fitting result more precisely, while Rct 
and Ws1 represent the charge transfer resistance and the 
Warburg impedance associated with ionic diffusion of the 
membrane [25–27], respectively.

3  Result and discussion

3.1  GO membrane characterization

The exfoliation of GO nanosheets was confirmed by SEM, 
DLS, and AFM analyses, as shown in Fig. S1 (supplementary 
materials). A representative SEM image shows a sheet-like 
structure of the sample. The thickness of GO nanosheets 
was estimated to be 1.1 nm by the AFM results. The pres-
ence of smaller GO nanosheets of 200 to 300 nm was 
mainly seen by DLS analysis. The surface area of GO was 
calculated to be 35 m2/g from the nitrogen adsorption/
desorption isotherm (Fig. S2), which was the type IV iso-
therm typically for mesoporous materials. The low  N2 
adsorption and low pore volumes indicate the intimate 
stacking of GO nanosheets. Figure 2 shows the XRD pat-
terns of membranes made of pristine GO in comparison 
with those with  Al3+ and  La3+. All three XRD patterns 

showed a single sharp peak. The characteristic peak for 
the pristine GO membrane was observed at 2θ = 9.4°, 
indicating the introduction of oxygen functional groups 
onto graphene sheets [28].The XRD peaks for  Al3+ and 
 La3+-modified GO membranes slightly shifted to a lower 
degree of 2θ = 8.8° and 7.9°, respectively. The shift could 
be an indication of the alteration in the crystallinity and 
interlayer structure of the GO membranes due to the 
presence of ionic interaction between oxygen functional 
groups and the cations. The interlayer spacing (d) was also 
found to change. The pristine GO membrane has d = 9.4 Å 
while  Al3+ and  La3+-modified GO membranes have d = 10.3 
and 10.8 Å, respectively. Clearly, the intercalation of cati-
ons increased the interlayer spacing. The slight difference 
in d-spacing for  Al3+ and  La3+ could be attributed to the 
difference between their atomic radii.  La3+ has a bigger 
atomic radius of 2.7 Å than  Al3+ with an atomic radius of 
1.4 Å.

FTIR spectra of pristine GO and  Al3+ and  La3+-modified 
GO membranes are shown in Fig.  3. The broad peak 
between 3200 and 3700 cm−1 is regularly attributed to the 
presence of hydroxyl groups. It can be seen that there is 
no significant difference in hydroxyl functionalities for the 
three samples. The C=O stretching vibration at 1725 cm−1 
was maintained. However, for the  Al3+ and  La3+-modified 
GO membranes, a small peak at 1480 cm−1 was observed. 
This was previously ascribed to the formation of carboxy-
late chelates, for which carboxyl groups in GO should bind 
to  Al3+ and  La3+ [14]. The presence of oxygen functional 
groups was also confirmed by XPS analysis, as shown in 
Fig. S3. The oxygen content in GO was determined to be 
57 wt%.

We also estimated the amount of intercalated cations. 
On average,  Al3+ amounted to 1.3 ± 0.3 mg, i.e., about 

Fig. 1  Equivalent circuit of GO membranes

Fig. 2  XRD patterns of pristine GO and cation modified GO mem-
branes

Fig. 3  FTIR spectra of pristine GO membrane and cation modified 
GO membranes
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8 wt% of the modified GO membrane. On the other hand, 
there was about 2.7 ± 0.3 mg of  La3+ recorded, correspond-
ing to 16 wt% of the modified GO membrane. The amount 
of  La3+ contained is higher than that of  Al3+. This might be 
due to the higher solubility of lanthanum nitrate in water 
(123–158 g per 100 ml) compared to that of aluminum 
nitrate with the solubility of 73.9 g per 100 ml. The higher 
amount of  La3+ intercalated would contribute to the 
observed increase in the interlayer distance, as suggested 
by the XRD results.

3.2  Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is the 
most reliable and effective technique to obtain the elec-
trochemical characteristics of an electrochemical system 
[29]. We used an EIS technique to study the proton con-
duction in the GO membranes. EIS data were used to draw 
Nyquist plots that are represented in complex imped-
ance plane consisting of real impedance (Z’) in X-axis and 
imaginary impedance (Z’’) in Y-axis. From the equivalent 
circuit depicted in Fig. 1, we expect that the Nyquist plots 
become a depressed semicircle representing the internal 
impedance of the GO membrane. Fig. 4 shows the Nyquist 
plots of the pristine GO membrane in comparison with 
those for  Al3+ and  La3+-modified GO membranes at varying 

temperatures. Depressed semicircles were generated for 
all the membranes. At the high frequency region (Fig. 4a 
inset), (1) the intersection between X-axis and the starting 
point of the curve represents the sum of the membrane 
bulk resistance (Rs) and the contact resistance between 
the Pt electrode and a Pt mesh as a current collector and 
(2) the radius of the semicircles represents the charge 
transfer resistance of the electrode material [30]. The pris-
tine GO membrane (Fig. 4a) showed a distinct semicircle 
at high frequency that corresponded to the double layer 
capacitance of the Pt electrode-membrane interface and 
the charge transfer resistance (Rct) [31]. A distinct capaci-
tive semicircle was also generated for the  Al3+-modified 
GO membrane. On the other hand, the membrane with 
 La3+ showed a half capacitive semicircle that corresponded 
to a low charge transfer resistance.

The bulk resistance of the membranes increased as tem-
perature increased. The pristine GO (Fig. 4a) membrane 
showed a bulk resistance (Rs) at around 1.5 kΩ. However, 
at 80 °C, the Rs increased significantly and reached 9.1 kΩ. 
When  Al3+ was intercalated in between GO nanosheets, 
the Rs was lowered to 1.4 kΩ (Fig. 4b). The Rs was stable 
until 60 °C, but then it significantly increased at 80 °C. For 
the  La3+-modified GO membrane (Fig. 4c), the maximum 
Rs was below 1 kΩ. The Rs was almost stable even up to 
80 °C. The resistance at high temperatures was almost 

Fig. 4  Nyquist plots of GO membranes at different temperatures. a Pristine GO membrane, b modified GO membrane with 0.01 mmol of 
 Al3+ and c modified GO membrane with 0.01 mmol of  La3
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constant for the  La3+-modified GO membrane, indicating 
its lower charge transfer resistance and bulk resistance 
even at high temperatures. At low frequency region, the 
slope of 45° in Nyquist plots is denoted as the Warburg 
resistance that represents the ionic diffusion/transport in 
the membrane. The membrane with  La3+ showed a 45° 
slope at lower temperature, suggesting good ionic diffu-
sion in GO [30]. In contrast, the 45° slope at low frequency 
region was absent for the membrane with  Al3+.

3.3  Proton and electrical conductivity

In Fig. 5, the temperature dependences of proton con-
ductivity of the pristine,  Al3+, and  La3+-modified GO mem-
branes are summarized. Pristine GO showed the lowest 
proton conductivity and its proton-conducting ability was 
found to decrease as temperature increased. The pristine 

GO membrane losses oxygenated functional groups, lead-
ing to the loss of proton conduction, particularly at higher 
than 60 °C.

The loss in oxygen functional groups was confirmed by 
TG–DTA analysis, as depicted in Fig. 6, which showed that 
decreases in weight by 10 and 20% were noted at R.T. to 60 
and 60 to 140 °C, respectively. These losses were attributed 
to the removal of oxygen functional groups on GO. The 
complete combustion of pristine GO occurred at 150 °C. 
On the contrary, both the  Al3+ and  La3+-modified GO 
membranes demonstrated much better proton conduc-
tivity than the pristine GO membrane. This demonstrates 
that the intercalation of cations indeed contributed to the 
improvement in proton conductivity. However,  Al3+ still 
suffered a decline in proton conducting activity as tem-
perature increased. On the other hand, the  La3+-modified 
membrane maintained the superior proton conductiv-
ity compared with other membranes tested. One possi-
ble explanation is the enhanced hydration of the mem-
brane with  La3+ due to the larger interlayer spacing and 
the resulting efficient proton hopping in the interlayer. 
In addition,  La3+ improved the stability of the membrane 
probably due to formation of cross links between GO 
nanosheets. An improvement in the thermal stability was 
confirmed by the TG–DTA results (Fig. 6). The TG curves 
showed that the weight loss due to removal of oxygen 
functional groups was suppressed by introducing  Al3+ and 
 La3+ in the interlayer. In addition, the presence of cations 
even suppressed the combustion of GO. A DTA peak due 
to the combustion of GO shifted from 140 to 175 °C and 
200 °C by  Al3+ and  La3+ cation introduction, respectively. 
The TG results indicate that the intercalated amounts of 
 Al3+ and  La3+ were 12 and 23%, respectively. Intercalat-
ing  La3+ with the larger amount in a GO membrane likely 
improved the thermal stability, leading to the higher pro-
ton conductivity.

Fig. 5  Dependence of proton conductivity on temperature for the 
pristine and modified GO membranes. The relative humidity was 
70%

Fig. 6  a Thermogravimetric analysis (TGA) and b differential thermal analysis (DTA) curves of GO nanosheets in nitrogen atmosphere
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We also measured the electrical conductivity of the 
membranes. Figure 7 shows the temperature dependence 
of electrical conductivity of the pristine and modified GO 
membranes. At 25 and 40 °C, the electrical conductivity of 
all the membranes was low in the range of R = 0.5 × 10−7 to 
 10−8 S/cm, making them pure solid electrolytes. However, 
the electrical conductivity of the membranes with cations 
significantly increased at more than 60 °C, while that for 
the pristine GO membrane remained low. The increase 
in the electrical conductivity can be explained by partial 
detachment of oxygen functional groups and the result-
ing increase in sp2-carbon regions in the membranes [32]. 
However, the detailed mechanism is not clear yet. Never-
theless, increasing the electrical conductivity while main-
taining the high proton conductivity is favorable in terms 
of mixed proton-electron conduction, which would enable 
novel applications of GO such as electrocatalysts [12, 32].

3.4  Post‑treatment characterization of GO 
membranes

The GO membranes after thermal treatment (80 °C) were 
characterized to clarify the correlation between conductiv-
ity and physicochemical properties of GO. The XRD and FTIR 
profiles collected are shown in Fig. 8a. The XRD peaks broad-
ened and slightly shifted to the right. For instance, in the case 
of pristine GO, it shifted from 2θ = 9.4° to 10.5°, correspond-
ing to a decrease in d-spacing. This is a typical characteristic 
of GO when it loses some oxygenated functionalities from 
its surface. The d-spacings are summarized in Table 1. After 
heat treatment, for pristine GO the d-spacing decreased by 
as much as 20%, while for GO-Al3+ it decreased by 18%. Inter-
estingly, GO-La3+ only exhibited a 9% decrease in d-spacing. 
It is thus concluded that the smallest change in d-spacing 
allowed the membrane with  La3+ to maintain its stable pro-
ton conductivity even at high temperatures.

Changes in chemical structure of GO after thermal treat-
ment (80 °C) were also examined by FTIR measurements, 
as depicted in Fig. 8b. After thermal treatment, the absorp-
tion peak at 3400 cm−1 that corresponded to O–H group 
greatly decreased for pristine GO as well as GO with  Al3+. 
In contrast, for GO with  La3+ only a slight decrease was 

Fig. 7  Dependence of electrical conductivity on temperature for 
the pristine and modified GO membranes. The relative humidity 
was 70%

Fig. 8  a XRD patterns and b FTIR spectra of the pristine GO and modified GO membranes after heat treatment at 80 °C

Table 1  The interlayer distance of the pristine GO and modified GO 
membranes after heat treatment at 80 °C

Cation types Room temperature After high tempera-
ture treatment

2θ (°) d spacing (Å) 2θ (°) d spacing (Å)

GO 9.4 9.4 10.5 7.5
GO-Al3+ 8.8 10.3 9.9 8.4
GO-La3+ 7.9 10.8 9.1 9.9
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observed. Furthermore, a decrease in absorption peak at 
1725 and 1627 cm−1 ascribable to C=O was seen for pris-
tine GO and GO with  Al3+. However, almost no change 
in C=O peak was seen for GO with  La3+. The FTIR results 
indicate that GO with  La3+ maintained oxygen functional 
groups even after thermal treatment. The strong interac-
tion of  La3+ with oxygen functional groups may retard 
their desorption from GO, allowing protons diffuse on GO 
nanosheets even at higher temperature.

4  Conclusion

We have successfully fabricated cation-modified GO mem-
branes by introducing  Al3+ and  La3+ in a GO suspension 
prior to the membrane fabrication. The intercalated cations, 
especially  La3+, can significantly increase the proton con-
ductivity of the membrane, possibly due to the ionic inter-
action between oxygen functional groups and the cations. 
This resulted in an increase in distance of the interlayer that 
functioned as a proton hopping pathway. The presence of 
 La3+ in GO membranes prevented detachment of oxygen 
functional groups at high temperatures, as suggested by 
XRD, FTIR, TG–DTA, and EIS results. Accordingly, the pro-
ton conductivity was maintained even at high temperature. 
The findings obtained here would expand the possibility 
of electrochemical applications of proton-conducting GO 
membranes and also provide ever better performance.
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